ABSTRACT: Ni scaffolded mesostructured 3D Fe 2 O 3 electrodes were fabricated by colloidal templating and pulsed electrodeposition. The scaffold provided short pathways for both lithium ions and electrons in the active phase, enabling fast kinetics and thus a high power density. The scaffold also resulted in a reduced voltage hysteresis. The electrode showed a reversible capacity of ∼1000 mAh g . The room-temperature voltage hysteresis at 0.1 A g −1 (∼0.1 C) was 0.62 V, which is significantly smaller than that normally reported in the literature. The hysteresis further reduced to 0.42 V at 45°C. Potentiostatic electrochemical impedance spectroscopy (PEIS) studies indicated that the small voltage hysteresis may be due to a reduction in the Li 2 O/Fe interfacial area in the electrode during cycling relative to conventional conversion systems.
INTRODUCTION
Lithium-based secondary energy storage technologies have been extensively investigated over the past several decades due to the ever-growing demands for high energy density batteries. To overcome the capacity limitations of conventional lithium intercalation systems, 1,2 such as based on graphite anodes, considerable research has been conducted on higher specific capacity multivalent redox chemistry. 3−8 For over 10 years, conversion reactions (1) have been studied as a basis for high energy density anodes and cathodes for secondary lithium batteries. 9 In contrast to intercalation, where the host lattice structure is preserved, in conversion compounds, the active phase in the electrode can be reduced to metal upon reaction with lithium, and oxidized when the polarization is reversed. The reaction can be generalized as follows
Li a b n (1) where M = transition metal atom, X = O, N, F, S, P, H, etc., and n = formal oxidation state of X. 9 As an anode, the specific capacities of conversion systems can be up to 3 times that of graphite. Among these materials, Fe 2 O 3 has attracted much attention because of its high reversible specific capacity (1007 mAh g −1 ), earth abundance, and safety. 10−13 However, there remain significant obstacles. (i) Fe 2 O 3 has a low electrical conductivity; 14 thus, a large amount of conductive materials (e.g., carbon) is generally added to the electrode to improve utilization of the active materials, sacrificing the energy density.
(ii) The slow solid-state diffusion of Li ions, mass transfer across grain boundaries, and charge transfer kinetics in Fe 2 O 3 result in a limited power density. 15 (iii) Fe 2 O 3 may only convert to FeO during cycling, reducing the specific capacity. 16 (i), (ii), and other not yet understood factors lead to a large voltage hysteresis during cycling, which is perhaps the primary shortcoming of Fe 2 O 3 and most other conversion systems. Such large voltage hysteresis severely reduces the round-trip efficiency to generally impractical levels for batteries with conversion electrodes. 9 Because the hysteresis remains significant even at very low charge and discharge rates, it is unlikely that the large hysteresis is solely due to poor electronic and ionic conductivities in the conversion electrode. Several mechanisms have been proposed to rationalize the hysteresis at low cycling rates, including the presence of different reaction pathways during discharge and charge, 17, 18 the requirement of large overpotentials to initiate phase separation or nucleation, 19 and interfacial energy costs due to the large volume of interfaces created during conversion reactions. 9, 20 There have been many reports focusing on improving the electrochemical performance of Fe 2 O 3 electrodes, 21 −25 yet the origin of the hysteresis is not clear. In a few other conversion systems, it has been shown that nanostructuring at the material and electrode level reduces the voltage hysteresis and improves the electrochemical reversibility. 6, 26 However, mechanistic understandings correlating the observed hysteresis to the optimal particle size and/or the appropriate electrode length scales for conversion-based materials remain limited. 11 nanoflakes, 27 and hollow nanospheres, 28 the electron and lithium ion transport have been facilitated, which may improve the electrode cyclability and rate performance. Additionally, in nanostructured Fe 2 O 3 , the strain associated with intercalation appears to be better accommodated, increasing the allowed degree of lithiation in the intercalation regime. 29 It has been shown that the addition of carbon nanotubes and graphene to the electrode improves the cycling kinetics, presumably by enhancing the electrical conductivity of the electrode. 30, 31 A 3D hybrid Fe 2 O 3 /carbon electrode was demonstrated recently which even provided a high useable capacity and rate capability. 23 However, in these cases, the active materials are dispersed at rather low volume fractions throughout the electrochemically inactive carbonaceous materials, yielding overall low volumetric energy density. Most importantly, even after nanostructuring, the voltage hysteresis in these Fe 2 O 3 systems still remains large.
We find it interesting that most research on Fe 2 O 3 conversion systems has focused on the α phase, while the γ polymorph has not received much attention. γ-Fe 2 O 3 can be categorized as a defect spinel, consisting of partially vacant Fe octahedral sites in the Fe 3 O 4 structure. These vacant sites provide sites for lithium intercalation, which enables nanostructured γ-Fe 2 O 3 to offer a high capacity when used as a cathode through reversible lithium ion intercalation. 32, 33 However, there are few reports on the electrochemical properties of γ-Fe 2 O 3 as a low voltage conversion anode material. In a γ-Fe 2 O 3 anode, it is possible that vacant sites for lithium ions may facilitate lithium mass transfer and result in better cycling than for other Fe 2 O 3 phase anodes, as long as the conversion reaction does not make the material amorphous.
Here, we demonstrate the fabrication of γ-Fe 2 O 3 nanoparticle loaded 3D electrodes and demonstrate that this mesostructured electrode design can be used to provide an electrode with both good rate performance and an unprecedentedly small voltage hysteresis. Significant attributes of the 3D electrode architecture include the following: (i) The porous structure both accommodates the volume expansion of the active materials during conversion reaction and ensures the accessibility of the electrolyte to the active materials, providing good Coulombic efficiency and material usability. (ii) The bicontinuous Ni metal current collector serves as an efficient pathway for electrons, and the connected pore network within the electrode results in efficient lithium ion flux to the active materials. (iii) The 3D structure can be uniformly coated via pulsed electrodeposition with a compact layer of active materials. Attributes (i) and (ii) enable the 3D electrode structure to provide a high rate capability. We found the electrodes could deliver more than 450 mAh g −1 at a rate as high as 20 A g −1 . Perhaps most importantly, at 0.1 A g −1 , the hysteresis was only 0.62 V, which is ∼30% smaller than previously reported. 27, 34 The electrodes exhibited ca. 50% capacity retention after high rate cycling for 100 cycles. Potentiostatic electrochemical impedance spectroscopy (PEIS) studies during the cycling provide evidence that the reduction of hysteresis may be related to a reduction in the Li 2 O/Fe interfacial area caused by the 3D electrode structure.
EXPERIMENTAL SECTION
Fabrication of Ni Inverse Opal. Following a literature method, 35 a glass slide coated with Cr and Au was used as the substrate. After treatment with an aqueous solution (0.5 wt %) of 3-mercapto-1-propanesulfonic acid sodium salt for 3 h, the substrate was placed vertically into a vial containing 500 nm polystyrene (PS) spheres dispersed in water at 50−55°C. As the water evaporated, the PS opal formed. The as-obtained opal was annealed at 95°C for 3 h, after which Ni was electrodeposited through the opal with a current density of −1.5 mA cm −2 in a commercial plating solution. The Ni inverse opal was obtained after removal of PS spheres by immersing the sample into toluene or tetrahydrofuran.
Fabrication of Mesostructured 3D Fe 2 O 3 Electrode. The Fe 2 O 3 nanoparticles were deposited on the Ni inverse opal by pulsedvoltage electrodeposition at room temperature using a modified literature method. 36 The electrodeposition bath consisted of an aqueous solution of 10 mM FeCl 3 , 10 mM NaCl, 1 M H 2 O 2 , and 0.1 M NaF. A standard three-electrode configuration was used, with a Ni inverse opal as the working electrode, a piece of platinum foil as the counter electrode, and a Ag/AgCl reference electrode (saturated by 3 M NaCl). The voltage profile applied was a repeated sequence consisting of −0.48 V vs Ag/AgCl for 0.5 s and 0.42 V vs Ag/AgCl for 5 s. The pulse sequence was repeated for durations ranging from 5 to 30 min to get the desired amount of active material. Then, the asdeposited sample was heat-treated at 500°C for 1 h under Ar before being assembled in a cell for electrochemical measurement.
Characterization. Sample morphologies were characterized using a Hitachi S-4800 scanning electron microscope. Elemental mapping was conducted on a Hitachi S-4700 SEM equipped with an Oxford INCA energy-dispersive X-ray analyzer. X-ray diffraction was collected using a Philips X'pert MRD system with Cu Kα radiation (λ = 0.15418 nm). For high-resolution XRD, the step size was set to 0.025°and the integration time for each step was 10 s. TEM studies were conducted on a JEOL 2100 cryo TEM with an acceleration voltage of 200 kV. Raman spectra were collected on a Nanophoton Raman-11 system using a 532 nm excitation wavelength. XPS spectra were collected with a Kratos Axis Ultra XPS system with a monochromatic Al Kα (1486.6 eV) source, and the binding energy scale was calibrated using the aliphatic C 1s peak (285 eV). The loadings of active materials were characterized using a Perkin Elmer SCIEX ELAN DRCe ICP-MS. To determine the active materials loading, two samples were made in the same electrodeposition bath under the same conditions. One was analyzed via ICP-MS, and the other used for electrochemical tests. For physical characterization after cycling, electrodes were soaked in pure dimethyl carbonate (DMC) for 1 h and rinsed several times in a glovebox to remove remaining electrolyte and some of the SEI, 37, 38 followed by drying in the glovebox.
Electrochemical Measurements. The electrochemical properties of the mesostructured 3D Fe 2 O 3 electrodes were measured directly without carbon or binder in an electrolyte-filled jar, using a twoelectrode configuration with lithium foil as both counter and reference electrodes. The electrolyte was 1 M LiClO 4 in a 1:1 (w/w) mixture of ethylene carbonate (EC) and DMC. Cell assembly was carried out in an argon-filled glovebox. Galvanostatic discharge/charge tests were conducted with a potentiostat (VMP3, Bio-Logic) over a voltage window of 0.25−3.0 V. Tests under 45°C were performed in an oven set at the desired temperature. The impedance measurements were carried out using three-electrode pouch cells, with a small piece of lithium metal carefully situated near the working and counter electrodes as the reference electrode. The applied AC signal had an amplitude of 6 mV over the frequency range of 100 kHz to 100 mHz.
RESULTS AND DISCUSSION
Architecture and Morphology of the Mesostructured 3D Fe 2 O 3 Electrodes. Figure 1a −e shows the schematic illustration of the fabrication procedures for the mesostructured 3D Fe 2 O 3 electrode. Starting with formation of a PS colloidal crystal on Au/Cr coated glass slides by vertical deposition, Ni metal was then electroplated through the void spaces of the colloidal crystal template, followed by the removal of the PS spheres with toluene or tetrahydrofuran. The resulting structure is a porous 3D bicontinuous Ni inverse opal, which served as the mesostructured current collector. The as-obtained colloidal crystals were heat-treated at 95°C to expand the contact area between adjacent spheres, resulting in the Ni inverse opal having a higher porosity, which is important to enable accessibility of electrolyte in the final electrode. Fe 2 O 3 nanoparticles were uniformly electrodeposited on the surface of Ni using a pulsed electrodeposition procedure, and the electrode was heat-treated under Ar at 500°C. After the heat treatment, the Fe 2 O 3 became crystalline. The heat treatment also served to remove any residual moisture. Similar to the concept conveyed in other work on macro-or nanoporous electrodes, 39−41 the metallic Ni scaffold provides a fast pathway for electrons and its mesoporous structure increases the contact area between the active materials and the electrolyte, thus facilitating the transportation of Li + to the active elements of the electrode. 35, 42 Figure 1f shows a representative SEM image of the Ni inverse opal. The crystalline nature of the PS colloidal template was easily identified by the periodic voids in the sample. The larger voids have a diameter of about 500 nm, which corresponds to the diameter of PS spheres used. The small pores with an apparent diameter of about 200 nm originated from the contact points of the PS colloids. The morphology of the mesostructured 3D Fe 2 O 3 electrode is shown in Figure 1g − i. The total thickness of the electrode was about 6 μm ( Figure  1g ), and it should be mentioned that electrodes more than 10 μm thick could be fabricated.
Pulsed-Voltage Electrodeposition. In order to obtain a uniform coating of Fe 2 O 3 on the porous structure, a repeated sequence of "on" and "off" voltages were applied (Figure 2d−f) . The "off" processes were required to eliminate the depletion of Figure 1d ,e, and their observed diameter is about 30 nm (Figure 1h,i) . Almost all Fe 2 O 3 particles are in direct contact with the Ni current collector, and thus, nearly every particle has its own current collector, which may improve reaction kinetics. Figure 3 shows the elemental mappings on the mesostructured 3D Fe 2 O 3 electrode. It can be seen that the Fe signal was distributed uniformly on the Ni inverse opal, indicating the uniformity of Fe 2 O 3 nanoparticles on the electrode.
XRD, XPS, and Raman Iron Oxide Phase Confirmation. On the basis of the XRD pattern in Figure 4a , all of the diffraction peaks could be indexed as cubic γ-Fe 2 O 3 (PDF card # 00-039-1346). However, it is known that γ-Fe 2 O 3 and Fe 3 O 4 have similar XRD patterns, although a high-resolution scan from 34°to 46° (Figure 4b) showed peaks which best matched with γ-Fe 2 O 3 . XPS and Raman measurements were conducted to confirm the phase identification. The Fe 2p XPS spectrum is shown in Figure 4c . A characteristic Fe 3+ signal was observed, with two main peaks at ∼711 and ∼724 eV, accompanied by a satellite peak at ∼719 eV. 43−45 Figure 4d presents the Raman spectrum of the electrode from 100 to 1800 cm −1 . Three broad bands at 350, 500, and 700 cm −1 which are present in γ-Fe 2 O 3 , and not any other iron oxide or oxyhydroxide, are observed. 46, 47 The two broad bands at around 1380 and 1580 cm −1 are also only found in γ-Fe 2 O 3 .
47,48
Fe 2 O 3 Loading Optimization. To determine the optimized loading of materials on the Ni current collector, electrodes with 0.2, 0.4, and 0.6 mg cm −2 of γ-Fe 2 O 3 were fabricated. Figure 5a−c shows cross-sectional SEM images of these electrodes. Galvanostatic cycling was performed on each of these electrodes at room temperature using a Li metal counter electrode. Figure 5d plots the average specific capacity of the three electrodes at various current densities. It was observed that the electrode with the highest loading (0.6 mg cm −2 ) had the lowest capacity and worst rate performance. SEM images indicate that, as the loading of active materials increased, the pores (formed by the contact points of PS colloids which templated the Ni current collector) became smaller and smaller, which compromises the electrolyte accessibility to all of the active materials. Also, the lower electrical conductivity caused by a thicker γ-Fe 2 O 3 coating also could lead to such poor cycling properties. The 0.2 and 0.4 mg cm −2 loading provided similar performance, and thus 0.4 mg cm −2 was selected as the optimized level of active material loading.
Cycling Performance and Rate Capabilities of the Mesostructured 3D Fe 2 O 3 Electrode. Figure 6a shows typical discharge and charge voltage profiles of the 1st, 2nd, 3rd, and 10th cycles at 0.2 A g . As is typical, the first cycle was different from the other cycles. In the first cycle, there was a long voltage plateau, primarily corresponding to the conversion reaction of Fe 2 O 3 to Fe 0 and Li 2 O. The capacity of the first cycle also appears to be the largest, probably due to electrolyte decomposition and SEI formation at low voltages. 49−51 Starting from the second cycle, the voltage profiles were similar, indicating the stability and reversibility of the electrode. Interestingly, a high-voltage plateau (around 1.5 V vs Li/Li + ), which was absent in the first cycle, appeared starting in the second cycle. A likely reason is that, at the end of the first charge process, the electrode was composed of smaller Fe 2 O 3 particles that could facilitate the electrochemical diffusion kinetics. This is normally called the "electrochemically grinding effect". 7, 52 It has been reported that small (e.g., 20 nm) Fe 2 O 3 particles can accommodate Li + by intercalation before complete conversion to Fe 0 and Li 2 O, due to the short diffusion length and high surface area provided by the small domains, which allow the particles to better accommodate strains during intercalation. 29, 32, 33 Thus, after the first cycle, the reaction of the electrode with lithium may consist of two distinct processes, intercalation, and conversion, where the high-voltage plateau corresponds to intercalation of Li + into the Fe 2 O 3 particles. The cyclic voltammetry (CV) curves also confirmed the twostep reaction after the first cycle (Figure 6b ). In the first cycle, there was only one large cathodic peak centered at about 0.6 V vs Li/Li + , along with a very small peak around 1.5 V vs Li/Li + . Starting with the second cycle, the intensity of the 1.5 V peak increased and stabilized. As cycling proceeded, the overpotential between the intercalation couple increased. The reduction peak shifted to lower voltage and the oxidation peak to higher voltage. A possible explanation is that the active materials gradually lost crystallinity during the conversion reactions, making it increasingly difficult for intercalation to occur, resulting in increasing overpotential during cycling. Figure 6c shows the specific capacity and Coulombic efficiency of the mesostructured 3D Fe 2 O 3 electrode at a current density of 0.2 A g −1 (∼0.2 C) for 100 cycles, at the .
On the basis of the full electrode (including both Ni and Fe 2 O 3 ), the specific capacity is ca. 80 mAh g −1 . For this structure, the electrode has about 80 wt % of Ni, which we have demonstrated can be further reduced to 50 wt % by electropolishing, 35 in which case the capacity would be 200 mAh g −1 . In terms of the Coulombic efficiency, the first cycle had a low efficiency of 63%, probably due to the electrolyte decomposition as previously mentioned. Starting from the second cycle, the Coulombic efficiency increased to 96% and remained above 90% for most of the cycles.
As Long, Rolison, and co-workers discussed, 53, 54 an electrode design consisting of a three-dimensional interpenetrating network of electron and ion pathways is ideal for providing efficient electronic and ionic transport. To evaluate how the mesostructured electrode architecture impacts the kinetics, the performance of the mesostructured 3D Fe 2 O 3 electrode was evaluated in half-cells at current densities ranging from 0.1 to 20 A g −1 (∼0.1−20 C). At current densities of 0.1, 0.5, 1, and 5 A g −1 (∼0.1, 0.5, 1, 5 C, respectively), the reversible specific capacities were 1005, 955, 905, and 750 mAh g , which is still greater than that of a traditional graphite anode (theoretical capacity of 372 mAh g
−1
). When the electrode was cycled back to a low rate (0.1 A g −1 (∼0.1 C)) after cycling at 20 A g −1 (∼20 C), the capacity of the electrode could be recovered after a few cycles to the typical value for 0.1 A g −1 (∼0.1 C), demonstrating the stability of the electrodes at high current density. Figure 7b presents the voltage profiles at different current densities, which show that the conversion plateau became more sloped and shorter with increasing current densities due to the voltage polarization needed to drive the high reaction rate. Further cycling tests were performed to characterize the high rate capabilities of the mesostructured 3D Fe 2 O 3 electrode. The electrode was cycled at 20 A g −1 (∼20 C) for 100 times, as shown in Figure 8a . After 100 cycles, it still could deliver a capacity of about 400 mAh g −1
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. Moreover, the SEM image in Figure 8b and its inset shows no deformation of the electrode or delamination of the Fe 2 O 3 particles under such harsh conditions, which again attests to the stability of the electrode.
Voltage Hysteresis of the Mesostructured 3D Fe 2 O 3 Electrode. To shed light on the effect of our mesostructured electrode on the voltage hysteresis during discharge−charge cycling, dQ/dV versus voltage was plotted. Figure 9 displays the room-temperature dQ/dV vs voltage plot during the second cycle at 0.1 A g −1 (∼0.1 C). There were two peaks for both discharge and charge, corresponding to the two-step reactions mentioned above. The first reduction peak at 1.63 V represents the intercalation of Li + into Fe 2 O 3 , which is followed by a large (∼20 C), showing that the electrode was intact after such high rate cycling. The inset shows the SEM image at higher magnification. peak at 0.90 V corresponding to the conversion reaction. The deconversion process took place at 1.52 V, and the deintercalation reaction voltage is about 1.88 V. The voltage hysteresis of the electrode can then be calculated as the separation between conversion and deconversion peaks, which is 0.62 V. Another way to calculate the hysteresis is based on the difference between average discharge (ca. 1.04 V) and charge (ca. 1.71 V) voltages, which is 0.67 V. Both values are significantly smaller than the value of ∼1 V reported in the literature. 27, 34 Since it has been known that temperature plays an important role in reducing voltage polarization during electrochemical reaction, 26 the mesostructured 3D Fe 2 O 3 electrode was cycled at 45°C. Figure 10a presents the cycling performance and rate capabilities of the electrode at 45°C. It can be seen that the electrode still shows excellent rate capabilities and the cyclability is improved significantly. Moreover, the voltage hysteresis is reduced to about 0.42 V (Figure 10b) , indicating that at least some of the hysteresis is due to a thermally activated process. 15 Potentiostatic Electrochemical Impedance Spectroscopy (PEIS). It should be noted that, in an FeF 3 system, 19 which has a similar lithiation mechanism as Fe 2 O 3 , the origin of voltage hysteresis was found to be the overpotential required to account for large interfacial energy while the Fe/LiF phases separate. When SEM images of the mesostructured 3D Fe 2 O 3 electrode are carefully examined after cycling, it appears that the primary particle size is reduced by cycling but is still on the order of 10 nm (Figure 11a,b) , starting from an initial particle size of ∼30 nm. TEM studies further indicate that the particle size after cycling is ∼20 nm and the domain size of the particles is ∼20 nm (Figure 11c,d) . This is considerably different from other observations for conversion compounds, where the initial electrode materials will be "electrochemically ground" into very small particles on the order of 3−5 nm or even smaller. 7, 52 The smaller particles have greater interfacial areas, and the interfacial energy leads to large overpotentials. 9 The mesostructured electrode provides efficient ion and electron transport; however, this alone is not enough to account for the smaller hysteresis than the previous report. 27, 34 The smaller hysteresis in our system may be also because the mesostructured electrode may enable efficient conversion of Fe 2 O 3 nanoparticles to Li 2 O and Fe, and deconverted back to the intercalated phase without creating a large density of Li 2 O/Fe interfaces. To examine this possibility, PEIS was performed at different lithium concentrations (Figure 12a,b) . The points in the figure indicate where the PEIS spectra were collected. In general, the resistance of the electrode increased during lithiation and decreased back upon lithium removal, according to the size of the semicircle on PEIS curves. The PEIS results acquired at a similar potential which corresponds to a similar lithium concentration had almost exactly the same shape during both sweep directions, indicating the good reversibility of the reaction.
On the basis of the work of Liu et al., 19 we use the equivalent circuit shown in the inset of Figure 12c to analyze the PEIS results. This circuit only accounts for the high frequency range shown as a semicircle before the low frequency diffusion range emerged, which manifests as a straight line. The two RC elements come from the electrode/electrolyte interface and the internal Li 2 O/Fe interface. By fitting the PEIS spectra, the values of these elements were obtained and are summarized in Figure 12c . It could be seen that R1 and C1 stayed steady during the reaction, probably originating from the stable SEI layer formed at the electrode/electrolyte interface. The increase of R2 during lithiation may be due to the formation of insulating Li 2 O during the conversion reaction that could increase the interfacial resistance. The C2 value had a maximum at the end of discharge since the product at this state should be a nanocomposite composed of Fe particles dispersed in a Li 2 O matrix; therefore, a large interface between Fe and Li 2 O was expected. Upon lithium extraction, the interface of Li 2 O/Fe merged together and formed a Li-Fe-O compound, 52 which is the possible reason why C2 rapidly decreased during delithiation. The important thing to note is that the value of C2 only increased by a factor of 2 during lithiation instead of a factor of 10, as was observed in the FeF 3 system. 19 These results confirm our assumption that the reduction in hysteresis is related to interfacial area/energy and additionally that the fast kinetics in the mesostructured electrode helps as well.
CONCLUSION
In conclusion, we have utilized colloidal crystal templating and electrodeposition methods to construct a mesostructured 3D Fe 2 O 3 electrode. The electrode showed excellent cycling and rate performance due to the short solid-state distances for electron and lithium ion transport. At a high current density of 20 A g −1 (∼20 C), the electrode could still deliver a reversible specific capacity of 450 mAh g −1 . The mesostructured Fe 2 O 3 electrode also showed a significantly reduced voltage hysteresis of 0.62 V at 0.1 A g −1 (∼0.1 C) relative to other work on similar systems. PEIS results at different lithium concentrations suggest that the reduced hysteresis may be due to a reduction in the Li 2 O/Fe interface density generation during the conversion reaction. Our observations suggest that a combination of optimization for fast reaction kinetics and a minimization of interfacial areas may significantly reduce the voltage hysteresis in high energy density conversion systems.
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